Uniform α-Fe 2 O 3 nanorods with high aspect ratios were synthesized in large scale by a simple and direct 1,2-propanediamine-assisted hydrothermal method. The resultant products were characterized by x-ray diffraction scanning electron microscopy, and transmission electron microscopy. The as-synthesized α-Fe 2 O 3 nanorods were single crystalline and uniform, with an average aspect ratio greater than 10. The effects of various experimental parameters on the morphology of products, such as 1,2-propanediamine content, pH value, concentration of FeCl 3 and reaction temperature, were studied. In the formation process of α-Fe 2 O 3 nanorods, the 1,2-propanediamine not only provides OH − but also plays a role for retaining the rod-like morphology of hematite. The magnetic properties including Morin transition and coercivity of the samples with different synthesis conditions and aspect ratios were also investigated in detail.
Introduction
One-dimensional nanostructured materials, such as nanotubes, nanorods or nanowires, have attracted extensive attention over the past decade, both because of their unique electronic, optical, chemical and thermal properties, and their widespread potential applications in optics, electronics, magnetics, catalysis, sensors, biotechnology and even as building blocks for nanoscale devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Those unique properties of onedimensional nanostructured materials strongly depend on their size and shape, and therefore developing new methods for the preparation of one-dimensional nanostructured materials as well as the modification of their size and morphology has been intensively pursued not only for their fundamental scientific interest but also for many technological applications [12, 13] .
Hematite (α-Fe 2 O 3 ), as the most stable iron oxide with n-type semiconducting properties (E g = 2.1 eV) under ambient conditions, is of great scientific and technological interest. Owing to its low cost and high resistance to corrosion, α-Fe 2 O 3 has been investigated as electrode material [14] , pigment [15] , catalyst [16] , gas sensor and anticorrosion protective paints [14, 17] . Nanotubes, nanorods and nanowires of α-Fe 2 O 3 with their inherent one-dimensional (1D) shape anisotropy represent a class of quasi-one-dimensional materials, in which carrier motion is restricted in two directions so that they are expected essentially to improve photochemical, photophysical and electron-transport properties [12] . Recently, improved catalysis property [18] , gas sensitivity [14, 19] electrochemical activity [14] and photochemical activity [20] have been demonstrated in nanotubes, nanorods and nanowires of α-Fe 2 O 3 . Interesting magnetic properties of α-Fe 2 O 3 nanorods have also been reported [12, [21] [22] [23] [24] . Considerable attention has been focused on the preparation of onedimensional α-Fe 2 O 3 nanostructures via various methods, such as gas-solid reaction techniques [25] [26] [27] [28] , methods using carbon tubes or porous anodic alumina membranes as 'hard template' [14, 19] , and methods employing polycrystals (or single crystals) as growth substrates [29, 30] . The gassolid reaction technique usually requires special equipment and high temperatures, whereas the methods employing templates or substrates often encounter difficulties with prefabrication and post-removal of the templates or substrates and usually result in impurities [24] . Comparing with those methods mentioned above, hydrothermal or solvothermal methods have some advantages, including mild synthetic conditions, simple manipulation and good crystallization of the products. However, the direct hydrothermal or solvothermal synthesis of one-dimensional α-Fe 2 O 3 nanostructures has rarely been reported. In most cases, one-dimensional iron oxyhydroxide (FeOOH) precursors, such as goethite (α-FeOOH) [12, 22, 24, 31] , akaganeite (β-FeOOH) [12, [32] [33] [34] [35] and lepidocrocite (γ -FeOOH) [33] , were first obtained via the hydrothermal or solvothermal method and then dehydrated to form one-dimensional α-Fe 2 O 3 nanostructures through calcinations or annealing. Nevertheless, the calcinations or annealing procedure may lead to the agglomeration of nanostructures [36, 37] and will consume additional energy and time, which are undesirable. Recently, Yan et al [38] reported the direct hydrothermal synthesis of α-Fe 2 O 3 nanotubes, but their aspect ratio is very low, which is very important for the shape anisotropy of the material. Liu et al [39] and Gao et al [40] reported the surfactant-assisted hydrothermal synthesis of α-Fe 2 O 3 nanorods, respectively. Very recently, Zhang et al [41] also reported the microwave-assisted hydrothermal synthesis of α-Fe 2 O 3 nanorods under the presence of surfactant PVP. However, it still remains a challenge to develop simple and direct approaches to synthesize one-dimensional α-Fe 2 O 3 nanostructures with high aspect ratio in large scale. Herein, aiming to meet this main challenge, we report a simple and direct hydrothermal method for large-scale synthesis of α-Fe 2 O 3 nanorods without using any hard templates or surfactants, in which the cheap and easily available 1,2-propanediamine was used to provide OH − and played the role of shape-control agent. The probable growth mechanism is discussed in this paper. The magnetic properties including Morin transition and coercivity of the samples with different synthesis conditions and aspect ratios were also investigated in detail.
Experimental section

Synthesis of α-Fe 2 O 3 nanorods
All chemicals were of analytical grade, purchased from Beijing Chemical Co. (China), and used without further purification. The α-Fe 2 O 3 nanorods were synthesized by hydrothermal treatment of a slurry precursor generated by the mixing of aqueous FeCl 3 solution and 1,2-propanediamine. In a typical experimental procedure, 7 ml of aqueous FeCl 3 solution (0.86 M) and 7 ml of 1,2-propanediamine were mixed with vigorous stirring. After stirring for 15 min, the slurry mixture obtained was transferred into a Teflon-lined stainless-steel autoclave for hydrothermal treatment at 180
• C for 16 h. After the autoclave had cooled down to room temperature naturally, the precipitate was separated by centrifugation, washed with distilled water and absolute ethanol, and dried in air at 60
• C. The parameters that are essential for the formation of α-Fe 2 O 3 nanorods were studied by varying the 1,2-propanediamine content, pH value, concentration of FeCl 3 and reaction temperature.
Characterization
The powder x-ray diffraction (XRD) patterns were recorded with an X'Pert PRO MPD (Cu Kα (λ = 1.5405Å) radiation), operating at 30 mA and 40 kV. Scanning electron microscopy (SEM) images were obtained with a JSM-6700. Transmission electron microscopy (TEM) images, high resolution transmission electron microscopy (HRTEM) images and selected-area electron diffraction (SAED) pattern were recorded with a FEI Tecnai F20 TEM, operating at an acceleration voltage of 200 kV. The magnetic properties of α-Fe 2 O 3 samples were measured using a vibrating sample magnetometer (LakeShore 7307) and a Quantum Design MPMS-5 SQUID magnetometer.
Results and discussion
Structure and morphology of α-Fe 2 O 3 nanorods
The crystal structure of the resulting product was characterized using the x-ray powder diffraction (XRD) technique. Figure 1(i) displays the typical XRD pattern of the product obtained at 180
• C for 16 h. All the peaks can be well indexed to a pure orthorhombic structure (space group R3c) of α-Fe 2 O 3 (JCPDS: . No other peaks for impurities were observed. The diffraction peaks are strong and sharp, which indicates that the crystallization is good.
The morphology of products was studied by SEM analysis. Figure 2 represents the typical SEM images of the product obtained, where the product with high yield (almost 100%) rod-like morphology can be observed, with a diameter of 30-40 nm and length of 400-600 nm (the aspect ratio is about [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The product was characterized further by TEM to obtain more information on the structure and morphology. The typical TEM image in figure 3 (a) shows a lot of nanorods • , whereas the inclusion angle between the (012) plane and the [001] direction of α-Fe 2 O 3 was calculated to be 32.4
• . Therefore, it is inferred the long axis direction of the nanorod is parallel to the [001] direction, which is the preferential growth direction of the α-Fe 2 O 3 nanorod. This matches well with the general orientation of growth in onedimensional nanostructures [4] .
Morphology evolutional process of α-Fe 2 O 3 nanorods
For a complete view of the formation process of the α-Fe 2 O 3 nanorods and their growth mechanism, a detailed time-dependent morphology evolution study was conducted at 180
• C. The XRD patterns and SEM images of products obtained at different hydrothermal reaction times were shown in figures 1 and 4, respectively. In the early stages (0.5 h), only aggregated irregular particles were observed (figure 4(a)) and the XRD pattern (figure 1(a)) confirmed the amorphous nature of those irregular particles, which suggested the crystallization has not occurred. Prolonging the reaction time to 1 h gave a few spindle-like and rhombohedra-like particles (indicated by white arrows and open circles respectively, figure 4(b)), besides those irregular particles, and the corresponding XRD pattern ( figure 1(b) ) exhibited the appearing of the α-FeOOH (JCPDS: 81-0464) phase in the product, but the intensity of their peaks is comparably weak. The irregular particles vanished at the reaction time of 1.5 h (figure 4(c)). At this reaction time, it was interesting that particles with a new nanostructure, which is constructed by the attaching of a branch on the rhombohedra (denoted as the R-B nanostructure here), and rodlike and spindle-like particles were simultaneously obtained ( figure 4(c) ). The XRD pattern ( figure 1(c) ) confirmed the coexistence of the α-Fe 2 O 3 and α-FeOOH phases. HRTEM analysis (as discussed in detail later) indicated that the rodlike particles and rhombohedra-like particles corresponded to the α-FeOOH phase, whereas the branches attached on the rhombohedra particles were consistent with the α-Fe 2 O 3 phase (figure 5). As the reaction time was prolonged to 2 h, the XRD pattern ( figure 1(d) ) exhibits that the intensity of the peaks of the α-Fe 2 O 3 phase increases but decreases for the α-FeOOH phase, compared with those in the early stages. From the SEM image ( figure 4(d) ), it could be observed that the rhombohedralike part decreased in diameter and the branch part increased in length, and the rhombohedra-like part was inclining to transform towards a spherical shape, which was consistent with the XRD analysis ( figure 1(d) ). This phenomenon was more evident at longer reaction time (3 and 4 h, figures 4(e) and (f)). Further prolonging the reaction time, the intensity of the peaks of the α-FeOOH phase continued to decrease until the peaks of the α-FeOOH phase disappeared after 5 h ( figure 1(g) ). However, one should note that there are still a very few undergrown products (rhombohedra-like part in the R-B nanostructure indicated by open circles in figure 4(g)), besides the dominating products with rod-like morphology. Up to 6 h, all the products are rod-like forms and no undergrown products could be observed from the SEM image ( figure 4(h) ). The XRD pattern ( figure 1(h) ) also exhibits exclusively the presence of the α-Fe 2 O 3 phase in the products. For a reaction time of 16 h (figure 2), the nanorods obtained were more uniform than those of 6 h.
By HRTEM analysis, further investigation of the phases for the particles with different shapes obtained at 1.5 and 3 h were performed (figure 5). Figure 5 (a) exhibits a typical TEM image of the products obtained at 1.5 h, and the morphology and size that we gained are similar to those observed from the SEM image ( figure 4(c) ). The HRTEM image of the rodlike particles ( figure 5(b) ) shows the lattice spacing of 0. • , which is consistent with those in figure 3(b) . These results further confirmed that the α-Fe 2 O 3 nanorod was derived from the further growth of the α-Fe 2 O 3 branch.
Growth mechanism of α-Fe 2 O 3 nanorods
On the basis of the information that we have gathered, a growth mechanism of the hematite nanorods can be proposed as illustrated in figure 6 . The reaction between FeCl 3 and 1,2-propanediamine, which provides OH − , is shown in equation (1):
Hematite nanorods are produced through a two-step phase transformation:
As reported in the literature [38] , for (001) planes of the hematite, the surface hydroxy functions are all doubly coordinated, whereas for other planes that commonly occur at the surface of natural and artificial hematite crystals, such as the (100), (110), (012) and (104) planes, singly coordinated surface hydroxyl groups are present. Meanwhile, as for the hematite structure, adsorption is considered to involve only the singly coordinated surface hydroxyl groups, and the doubly and triply coordinated hydroxyl groups are relatively unreactive [38, 42, 43] . One-dimensional nanostructures such as nanotubes [38] , hollow spindles [44] and nanowires [42] have been synthesized by using some shape-control agents including phosphate ion, sulfate ions and glycine, which can be selectively adsorbed on the surfaces of hematite except for (001). In this study, the 1,2-propanediamine would play the same role like phosphate ion, sulfate ions and glycine in terms of the above-mentioned knowledge.
As shown in figure 6 , the α-FeOOH with the shapes of spindle, rod and rhombohedra were first generated by the phase transition from Fe(OH) 3 under the hydrothermal condition. By increasing the reaction time, α-FeOOH with various shapes began to dissolve and the α-Fe 2 O 3 began to crystallize on the surface of α-FeOOH rhombohedra and then grew into nanorods along the [001] direction because other planes are protected by 1,2-propanediamine. With the dissolution of the α-FeOOH and the crystallization of the α-Fe 2 O 3 , the hematite nanorods finally formed. In this process, an interesting phenomenon was observed in that α-Fe 2 O 3 nanorods grew from the surface of the α-FeOOH rhombohedra. The process is similar to that occurring in the case of t-selenium [45] . Different from the transformation from α-FeOOH to α-Fe 2 O 3 as reported in the literature [40] , in which the α-FeOOH precursor undergoes a topotactic transformation, in our case the α-Fe 2 O 3 nanorods did not retain the morphologies of the α-FeOOH precursor and it is more likely that α-FeOOH would transform to α-Fe 2 O 3 via a 'dissolution/crystallization' procedure.
The 1,2-propanediamine was found to be crucial for the formation of hematite nanorods. Changing the 1,2-propanediamine to ethylenediamine or 1,3-propanediamine generated the α-Fe 2 O 3 short rods or spheres (supporting information, figures S1 and S2 available at stacks.iop.org/Nano/20/245603) as other reaction conditions were kept constant. This phenomenon may be a result of lower steric hindrance of ethylenediamine and 1,3-propanediamine, which have little effect on retaining the rod-like morphology.
Influence of synthetic factors on the morphology
In order to get a further understanding about the shape control of the hematite nanorods in a reaction system, several important synthetic parameters (1,2-propanediamine content, pH value, concentration of FeCl 3 and reaction temperature) were investigated.
The relationship between the α-Fe 2 O 3 morphology and the 1,2-propanediamine content was investigated as shown in figure 7 . Without 1,2-propanediamine, the products are some microspheres of about 1.5 μm. When the volume ratio is 3/1, some short rod-like products of about 90 nm in diameter and about 300 nm in length were obtained. Decreasing the volume ratio to 1/1, the diameter decreased to 30-40 nm but the length increased to 400-600 nm. Further decreasing the volume ratio to 1/2 and 1/4, the morphology and size of the products did not change evidently. Until the volume ratio is 1/5, a lot of short rod-like products as well as a few long rod-like products were obtained. XRD analysis (supporting information, figure S3 available at stacks.iop.org/Nano/20/245603) confirmed the α-Fe 2 O 3 phase of all the above products. The results further confirmed that 1,2-propanediamine indeed plays an important role in this synthetic process for the controlled growth of α-Fe 2 O 3 nanorods.
The influence of pH value of the initial reaction system on the morphology of the products was studied by the addition of HCl or NaOH solution to the reaction system. The volume ratios of aqueous FeCl 3 solution to 1,2-propanediamine, reaction temperature, the concentration of FeCl 3 and the reaction time were kept constant (1:1, 180
• C, 0.86 M and 16 h, respectively) and the pH value was changed from 6.0 to 10.8. When the pH value was adjusted by HCl solution to 6.0, some subround particles about 140 nm were obtained (supporting information, figure S4a available at stacks.iop.org/Nano/20/245603). When the pH value was at 9.6, 10.2 and 10.8, all the products obtained comprised nanorods with diameters of 30-40 nm and lengths of 400-600 nm (supporting information, figures S4b-S4d available at stacks.iop.org/Nano/20/245603). The results showed that pH value could influence the morphology of the products. However, the results also revealed that the effect of 1,2-propanediamine was more important than that of pH value in this system for the formation of nanorods.
In our synthetic system, when the concentration of FeCl 3 was at 0.25 M, rod-like hematite with a diameter of 80-120 nm and a length of 0.3-2.8 μm and subround hematite with a size of 60-140 nm were simultaneously obtained (supporting information, figure S5a available at stacks.iop.org/Nano/20/245603).
However, varying the concentration of FeCl 3 from 0.5 to 2.5 M led to similar uniform hematite nanorods being obtained (supporting information, figures S5b-S5f available at stacks.iop.org/Nano/20/245603). XRD analysis (supporting information, figure S6 available at stacks.iop.org/Nano/20/245603) confirmed that all the products were α-Fe 2 O 3 phase. These results suggested that increasing the concentration of FeCl 3 facilitated the preparation of uniform hematite nanorods.
The reaction temperature was found to be an important synthetic parameter to influence the phase transition from α-FeOOH to α-Fe 2 O 3 . The volume ratios of aqueous FeCl 3 solution to 1,2-propanediamine, the concentration of FeCl 3 and the reaction time were kept constant (1:1, 0.86 M and 16 h, respectively) and the reaction temperature was changed from 140-240
• C. The product was a mixture of α-FeOOH and α-Fe 2 O 3 below 160
• C and the pure α-Fe 2 O 3 nanorods were obtained above 180
• C (supporting information, figure S7 available at stacks.iop.org/Nano/20/245603). It is clear that the increase of the reaction temperature promotes the rate of the precursor nucleation and the transformation of α-FeOOH to α-Fe 2 O 3 . The uniform nanorods with diameters • C, some short rods with diameters of about 60 nm and lengths about 200 nm were also found to appear in the products (supporting information, figures S8e and S8f available at stacks.iop.org/Nano/20/245603). The results showed that the uniform hematite nanorods could be synthesized at a moderate temperature.
Magnetic property of the α-Fe 2 O 3 samples
It is of great interest to investigate the magnetic behavior of rod-like α-Fe 2 O 3 with different synthesis conditions and aspect ratios. The synthesis conditions, sizes and magnetic properties are summarized in table 1. Figure 8 shows the curves for the temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) magnetizations from 3 to 300 K, under an applied field of 6000 Oe. The ZFC curve ( figure 8(a) ) for sample #1 with a low aspect ratio of about 3, displays an abrupt magnetization increase occurring at 240 K, corresponding to a Morin transition temperature (T M ) of about 240 K. As for sample #3 with a high aspect ratio of about 14, as shown in figure 8(b) , the characteristics of the ZFC and FC magnetization curves show the same trend as those of #1. Additionally, it can be concluded that the T M values of samples #1-#4 remain the same, about 240 K, with the variation of the aspect ratios, which indicates that the T M is not sensitive to aspect ratio for the hematite nanorods with diameters of 30-120 nm. However, the T M value of the sample is lower than that of bulk hematite. In general bulk α-Fe 2 O 3 has a Morin transition from the low-temperature antiferromagnetic (AF) phase to a weakly ferromagnetic phase (WF) at 263 K [46] . Earlier reports [12, 39] showed that the T M value strongly depends on the size and morphology. Generally it is found that the T M value shifts toward lower values for smaller particles.
To further understand the magnetic behavior of the samples, magnetic hysteresis measurements of some α-Fe 2 O 3 samples were conducted at room temperature (supporting information, figure S9 available at stacks.iop.org/Nano/20/245603). All the six products exhibit slight hysteretic features, suggesting that they are all weak ferromagnetic at room temperature. The hysteresis loops of many hematite nanostructures re- ported also show weak ferromagnetic behavior at room temperature [39, [47] [48] [49] . High coercivity materials have become one of the key materials in high-technology developments. There are two routes for enhancing coercivity: (i) enhancing the resistance of domain rotation whose prerequisite is a single-domain particle and increasing the material's magnetic anisotropy and (ii) enhancing the resistance of the domain wall displacement via enhancing the undulatory distribution of internal stress and increasing the volume concentration of the impurity. The coercivity of the α-Fe 2 O 3 particles was influenced by many factors such as the size [50] , shape [48] , aspect ratio [51] and synthesis conditions [49, 52] . It can be concluded from table 1 that the coercivity of the samples increases with the increase of the aspect ratio except for sample #1. It is well known that the high aspect ratio has enhanced shape anisotropy which will induce large magnetic coercivity. However, as shown in table 1, sample #1 with a lower aspect ratio possesses the largest coercivity compared with samples #2-#5. It has been reported that the organic or OH group residues on the surface of α-Fe 2 O 3 particles may result in the spin pinning owing to the increase of the magnetic surface anisotropy and then influence the magnetic behaviors [49, 52] . The coercivity of the α-Fe 2 O 3 particles with nearly the same shape and size synthesized in the presence of different surfactants exhibits large differences as reported in the literature [52] . It can be concluded from table 1 that sample #1 was prepared at a lower volume ratio of aqueous FeCl 3 solution to 1,2-propanediamine compared with other samples (#2-#5), which means the quantities of the organic and OH groups absorbed on the surface of sample #1 may be different from the others. This may cause the magnetic surface anisotropy to be different for sample #1 compared with samples #2-#5. An interesting phenomenon is also observed from table 1 in that the coercivity of sample #1 is almost eight times larger than that of sample #6, while the size and the shape of sample #1 is almost the same as those of sample #6. This phenomenon also confirms that the coercivity can be influenced by the residue species on the surface of α-Fe 2 O 3 nanorods. The values of coercivity of α-Fe 2 O 3 nanorods synthesized in the presence of 1,2-propanediamine are higher than those of nanorods synthesized in other systems [39, 52] . Spherical α-Fe 2 O 3 nanoparticles with an average diameter of 35 nm were found to show a coercive force of 110 Oe at room temperature [49] . Compared to spherical nanoparticles, one-dimensional nanostructures have increased anisotropies in both the shape anisotropy and magnetocrystalline anisotropy, which exert an influence on their magnetic properties [53] . Shape anisotropy can increase the coercivity. Enhanced anisotropy induces large magnetic coercivity, where the magnetic spins are preferentially aligned along the long axis and their reversal in the opposite direction requires higher energies than that for spheres [53] .
Conclusion
In summary, the single-crystalline α-Fe 2 O 3 nanorods with a narrow size distribution and high aspect ratio can be prepared by a simple and direct hydrothermal method in large quantities. The studies for various experimental parameters, including 1,2-propanediamine content, pH value, concentration of FeCl 3 and reaction temperature, show that the 1,2-propanediamine is indispensable for the synthesis of hematite nanorods. In the phase transition process from α-FeOOH to α-Fe 2 O 3 , the 1,2-propanediamine plays the role of shape-control agent for the formation of α-Fe 2 O 3 nanorods. Magnetization measurements showed that the coercivity is sensitive to the aspect ratio and surface residue species of α-Fe 2 O 3 nanorods obtained, while the Morin transition temperature is not affected by these factors.
